Exchange bias effect in the ferromagnetic double perovskite compound Y 2 CoMnO 6 , which is also a multiferroic, is reported. The exchange bias, observed below 8 K, is explained as arising due to the interface effect between the ferromagnetic and antiferromagnetic clusters created by antisite disorder in this material. Below 8 K, prominent ferromagnetic hysteresis with metamagnetic "steps" and significant coercive field, H c ≈ 10 kOe are observed in this compound which has a T c ≈ 75 K. A model based on growth of ferromagnetic domains overcoming the elastic energy of structurally pinned magnetic interfaces, which closely resembles martensiticlike transitions, is adapted to explain the observed effects. The role of antisite disorder in creating the domain structure leading to exchange bias effect is highlighted in the present work.
PACS numbers: 75.50.Lk, 75.47.Lx, 75.50.-y Exchange bias is a technologically important effect which is extremely useful in read-heads in magnetic recording, 1 giant magnetoresistive random access memory devices, 2 in stabilizing nanoparticles 3 and in permanent magnets. 4 It was first reported for fine particles of Co surrounded by CoO layers. 5 Since its discovery, the effect has been observed in many materials and the importance of this area of research is documented in noted reviews. 6, 7 Exchange bias (EB) is interpreted as a phenomena occurring at the interface between magnetically ordered microscopic regions in a sample. These interfaces can be ferromagnetic/antiferromagnetic or ferromagnetic/antiferromagnetic/spin-glass and so on. Normally observed in tiny coated particles, nanomaterials, thin films and inhomogeneous materials, reports on EB in bulk samples of correlated oxide systems are limited in number 7, 8 though exchange bias effects observed in bulk materials like Heusler alloys have been of interest. [9] [10] [11] In this Letter we report on the observation of exchange bias in the ferromagnetic double perovskite Y 2 CoMnO 6 . This double perovskite is truly multifunctional in properties since, multiferroicity 12 , metamagnetic-like magnetization steps 13, 14 and multicaloric effects 15 have been reported on it so far. Our observation of exchange bias adds one more important functionality to this material. In the present work, results from field cooled (FC) and zero-field cooled (ZFC) magnetic hysteresis, training effect and ac susceptibility measurements are combined to demonstrate exchange bias effect in this material. It is suggested that the observed exchange bias originates from antisite disorder commonly observed in double perovskites.
The samples used in the present investigation were prepared through solid state synthesis using stoichiometric ratios of Y 2 O 3 , MnO 2 and Co 3 O 4 of high purity (4N). The preliminary characterization of the samples was car- ried out using x rays, bulk magnetization measurements and detailed neutron diffraction studies are reported in [13] . Our initial experiments on Y 2 CoMnO 6 have shown the presence of prominent ferromagnetic hysteresis with metamagnetic "steps" below 8 K. 13 The neutron powder diffraction analysis quantified the antisite disorder in this material and confirmed the presence of magnetic inhomogeneity in the form of ferromagnetic and antiferromagnetic regions. We explained the presence of "steps" in magnetic hysteresis using a model for pinning of magnetization at the antiphase boundaries created by antisite disorder. These steps resembled the martensitic transformations found in intermetallics and displayed first-order characteristics. Having understood that Y 2 CoMnO 6 contains ferromagnetic and antiferromagnetic regions separated by antisite domain wall, it was obvious to test for exchange bias effect in this material. Hence, in the present work we carry out exchange bias experiments by measuring field-cooled and zero field-cooled magnetic hysteresis, training effect and ac susceptibility using a SQUID Magnetic Property Measurement System, Quantum Design Inc.
In Fig 1 (a, b) , the magnetic hysteresis measurements at 5 K performed in ZFC as well as FC cycles at different values of applied field and temperatures are presented. The vertical and horizontal shifts in the FC magnetic hysteresis loops that are typical of EB systems are observed in Fig 1 (a) . For each FC hysteresis measured at 5 K, the sample was prepared by heating it up to T = 150 K > T c ≈ 75 K to bring the sample to the paramagnetic state. At this temperature, the magnetic field was removed in the "oscillate mode" of the squid magnetometer. The hysteresis curves in FC mode measured at different temperatures with applied field value of 500 Oe are presented in Fig 1 (b) . The "steps" seen in the ZFC curve at 5 K 13 are smoothed in the fieldcooled hysteresis curves. It was observed in our previous study 13 that the "steps" depend on the sweep-rate of applied magnetic field. The time-and sweep ratedependent magnetic measurements suggested a domain structure for the material which was also supported by the evidence of mixed magnetic interactions and antisite disorder found through neutron scattering. The magnetic hysteresis in Fig 1 (b) shows weak step-like features, especially for the 40 K data. This already confirms the presence of multiple phases or an intrinsic inhomogeneity in the system. At this point we note a peculiarity in the exchange bias effect in Y 2 CoMnO 6 , that the EB shift in applied field of 10 kOe is slightly less than that at 500 Oe. The anisotropy field, H A , was determined from initial magnetization curve at 5 K using the law of approach to saturation, M = M s (1 − a/H − b/H 2 ) + χH and using the expressions, b = 4K 8 or from the case of Fe-doped LaMnO 3 (≈ 20 kOe). 16 We have measured hysteresis loops up to H max = 40 kOe > H A . In order to confirm the EB effect, we performed field-cooled hystere- sis measurements at 5 K using an applied field of +500 Oe as well as -500 Oe. This would cause the hysteresis loops to shift in opposite directions compared to the reference ZFC curve if exchange bias is present. Figure 2 , hence, supports exchange bias in Y 2 CoMnO 6 . The data from Fig 1 (b) (which uses 500 Oe as the cooling field) was used to estimate the temperature dependence of exchange bias field, H eb = (H + + H − )/2 (where H ± are the positive and negative intercepts of the magnetization curve with the field axis) and the coercive field, H c . Figure 3 (a) presents the temperature evolution of H c ; the variation of H eb with temperature is shown in the Fig 3(b) . One of the conclusive tests for exchange bias systems is the training effect which shows that H eb decreases with the number of consecutive loops of hysteresis measured.
7 Hence, we have measured the field cooled hysteresis curves at 5 K. A magnetic field of 60 kOe was used to field-cool the sample to 5 K before measuring hysteresis. Twenty loops of hysteresis were measured continuously. The dependence of H eb on the loop-number, λ, is shown in Fig 3 (c) based on the data from the measurement at 5 K. As expected for an exchange biased system, a gradual decrease of H eb upon increasing loop number is seen.
Exchange bias effect in complex bulk oxides result from interfaces between ferromagnetic, antiferromagnetic or spin-glass regions. Double perovskite compounds containing antisite defects have mixed magnetic exchange interactions that may lead to spin-glass-like phase which, in turn, can exhibit exchange bias through spin-glass interface between ferromagnetic or antiferromagnetic clusters. 8 In order to probe the presence of such glassy phase in the case of Y 2 CoMnO 6 , ac susceptibility measurements were carried out at various frequencies ranging from 33 Hz to 6666 Hz and also by varying the amplitude of the ac field. The results are presented in Fig 4 (a) . The susceptibility peak at T c shows no frequency dependence in the measured range however, the imaginary parts of susceptibility show a "shoulder" below T c which exhibits frequency-dependence (Fig 4 (a) ) and is also influenced by the increase in amplitude of the ac driving field. Ac susceptibility in cooling and warming cycles with an applied dc magnetic field was measured to check if the structurally multiple phases give rise to thermal hysteresis below T c , but no effect was observed. As a final test for spin-glass-like phase in Y 2 CoMnO 6 , memory effect experiment was performed following the protocol reported in [17] and the results are shown in Fig 4 (b) . No signature of canonical spin-glass phase was observed.
Neutron diffraction study on Y 2 CoMnO 6 showed that the compound consists of disordered and ordered regions of monoclinic P 2 1 /n and orthorhombic P nma structures at all temperatures in the range 4 -300 K. 13 The disordered regions in both the phases contain antisite defects which create antiferromagnetic superexchange pathways
(similarly for Co) in addition to the Mn 2+ -O -Mn 4+ exchange which is ferromagnetic. This evidently leads to mixed magnetic exchange interactions and hence, cooling under magnetic field produces different magnetic domain structures than formed under zero field-cooling. The "steps" features in magnetization of Y 2 CoMnO 6 can be accounted for by assuming that the domain walls separating ferromagnetic domains are trapped at the antisite regions and with high enough magnetic field, the pinning potential is overcome leading to an abrupt increase of magnetization. The scenario of pinning of domain walls with associated lattice strain has been recently modeled in the case of phaseseparated manganites.
18 It is also interesting to note that through our neutron scattering experiments, we found that the volume fractions of the two structural phases did evolve with temperature.
13
Ferromagnetic clusters in structurally disordered materials present strain fields that can pin the domain walls. For example, it is understood that the antiphase boundaries in the double perovskites pin the magnetic domain walls. 19 The de-pinning of domain walls can then happen aided by applied magnetic field which creates surface excitations and lead to "bursts" in magnetization. The formalism of pinning of elastic objects described above is similar to the pinning of vortices in high-T c superconductors.
20 According to the model developed by Larkin, the surface tension of a typical domain wall is approximated as ǫ t ∼ 4
where J is the exchange constant between nearest neighbour spins of magnitude S, K is the magnetocrystalline anisotropy energy per unit volume and a is the distance between nearest neighbour spins. The J value for Y 2 CoMnO 6 was approximated by the mean-field value J MF = 7.04 meV of closely related double perovskite material, La 18 Assuming the relation δD C ≈ 2ξ holds in the present case, we estimate the size of the ferromagnetic clusters as D ∼ 158 nm. Strong pinning of the magnetic domains at the antiphase boundaries have been experimentally directly observed in a double perovskite Ba 2 FeMoO 6 .
19 Microscopy methods combined with micromagnetic simulations can be an effective procedure to understand the details of the magnetic phases in the presence of antisite disorder. However in the present case, in order to correlate with the "steps" seen in hysteresis, experiments have to be performed in the presence of applied magnetic field. Our experimental results combined with the observation of the antisite disorder in Y 2 CoMnO 6 reported earlier 13 , suggest that the exchange bias in this material originates from antisite disorder. However, we wish to emphasis that we do not yet provide a "direct" link between the exchange bias and antisite disorder. A direct observation of the antiphase boundaries and domains and their evolution in applied magnetic field may lie within the reach of experimental observation using the state-of-theart transmission electron microscopy, for example, the work by Asaka et al., 19 . At this point we would like to point out that in order to understand this material completely several open questions remain to be answered, viz., the role of sweep-rate on H eb , the dependence of H eb on cooling field etc.
To conclude, the role of antisite defects in influencing magnetic properties of double perovskites is clearly brought out through our observation of exchange bias in disordered Y 2 CoMnO 6 . Though the magnetic transition is observed at 75 K, the exchange bias is visible only below 8 K where the "steps" in magnetic hysteresis occur. This clearly suggests a close connection between antisite disorder and the exchange bias effect. Through our ac susceptibility and memory effect experiments, we observe that the clusters do not lead to electronic phase separation or a spin-glass state. This narrows down the possible explanation of observed "steps" in magnetic hysteresis to competition between elastic energy of the interfaces of domain walls and magnetic energy with applied field. The exchange bias is then suggested to arise at the interface of ferromagnetic clusters separated by antiferromagnetic antiphase domain boundaries.
